Revisit of Wind Flows between Wind Tunnels and Real Canyons -The Viewpoint of Reynolds Dynamic Similarity
Wind tunnel test and numerical simulation are two powerful methods to study air flows and pollutant dispersions around urban buildings environment. As commonly known, the development of a successful numerical model should be firstly validated by experimental results, usually by wind tunnel data [1, 2] , a numerical model is ultimately needed to simulate the air flows and pollutant dispersions in real street canyons [3] . It is obvious that wind tunnel models and real canyons are of different scales. The scaling effects for wind tunnel tests have already been investigated on some simple models, such as single building and normal street canyon with the aspect ratio near 1.0 (AR, denoted by building height, H, over road width, W) [4, 5] . But the scaling effects on the flows around complex buildings or in real street canyons still need to be examined.
In wind tunnel test, air is often used as the experimental fluid. The air velocities in the wind tunnels are several metres per second, rarely more than 20 mÁs À1 [5, 6] , which are similar to the velocities in the real canyon environment. But wood blocks with height of several centimetres, subject to the experimental conditions, are adopted for the street canyon models, following that the dimensions of wood blocks are about two orders of magnitudes smaller than the real buildings. Thus, the wind tunnel experiments only satisfy the geometric similarity, but miss the Reynolds dynamic similarity in nature.
On the other hand, the numerical simulations of turbulent flows with high Reynolds numbers often demand large computing resources, so that the downscaling model is always used to simulate the air flows and pollutant dispersions in urban street canyons. In such cases, building models are set in several centimetres and incoming wind velocities are given similar to the real background wind velocities; this treatment is the same as the wind tunnel test [7, 8] . This means that the downscaling simulations would just satisfy the geometric similarity, but miss the Reynolds dynamic similarity.
The downscaling modelling was based on the Townsend's ''Reynolds number similarity'' hypothesis [9] and determined by the critical Reynolds numbers [1, 10] . The Townsend's hypothesis is that, in the absence of thermal and Coriolis effects and for a specified flow system whose boundary conditions are expressed non-dimensionally in terms of a characteristic length, L, and velocity, U R , the flow structure is similar with all sufficiently high Reynolds numbers. Based on the ''Reynolds number similarity'' hypothesis, the critical Reynolds numbers are only determined by the representation of minor changes in flow structures or wind profiles, in which actually the wind velocity magnitude still varies with Reynolds number, as indicated by Uehara et al. [5] . Such critical Reynolds numbers (described by the building height, H, the background wind velocity, U and the kinematic viscosity, v, Re ¼ UH/v) are reported as 10 3 -10 4 by wind tunnel experiments using simple structures. Some researchers argued that the downscaling models can be used only when the critical Reynolds number are satisfied.
Hoydysh et al. [11] gave a critical Reynolds number of 3400, to ensure the flow pattern in the street canyon would be independent of viscous effects (for urban roughness case). Snyder [12] suggested the critical Reynolds numbers of more than 4000, for tests on isolated cubical objects in turbulent boundary layers. Neff and Meroney [4] extended Snyder's measurements to a wider range of isolated building shapes, wind orientations and measurement locations on the building and in the wake, suggesting a critical Reynolds number exceeding 15,000 for the simulation. The often quoted criteria is the Golden's critical number of 11,000 [13] , which was based on measurements at only one point on the roof of a smooth-walled cube placed in an uniform low-turbulence flow. But Meroney et al. [14] pointed out that for urban roughness, the For air flows within a street canyon or an area surrounded by buildings, there is a marked decrease in wind velocity due to the viscous stress in the street canyons. Even when the flow above the critical Reynolds numbers, there still be considerable viscous effects acting on air flows in urban street canyons. Uehara et al. [5] showed by the wind-speed ratio that, even when the Reynolds number greater than 10 5 , the wind speed would be reduced by less than 20% due to the viscous effect on wind velocities near solid walls. Nevertheless, the specified critical Reynolds numbers are obtained for flow pattern similarity, irrespective of the wind velocity and turbulence strength variations. In fact, the values of critical Reynolds numbers in modelling of air flows around buildings should be correlated with building shapes and layouts [5, 15] . Consequently, the effects of Reynolds numbers should be an important consideration for simulations of air flows and pollutant dispersions around complex buildings. Moreover, the studies of critical Reynolds numbers were carried out in a short range of Reynolds numbers. What would the viscous effects produce if two orders of magnitudes of the Reynolds numbers are increased, from 10 5 to 10 7 ? The answer to this question is still not very clear and would require further research.
When the air flow under the skimming flow (SF) pattern, a stable recirculation is developed inside the street canyon and the ambient flow is decoupled from the street flow. The vehicular pollutants at the street level cannot be easily transported out of the canyon, resulting in high pollutant concentration and poor air quality. The roof level shear layer and the down wash near the windward wall are basic characteristics of the air flow under SF pattern [16] .
When the air flows inside urban street canyons under SF pattern, the strength of the wind induced recirculation inside the street canyon would mainly depend on the strength of roof level wind shear [17] , as shown in Figure 1 , which is similar to a lid driven cavity flow. The transport of pollutants outside the street canyons may be expected due to the turbulent processes in the roof level shear layer. Baik and Kim [18] demonstrated that this is indeed the case, and although the vertical advection of pollutant at roof level is non-zero, turbulent diffusion is the dominant removal mechanism. However, the escape of pollutants through the shear layer to outside air only occurs when enough turbulent energy accumulated. Thus the vertical turbulent transport of pollutions would mainly happen near the windward wall, as reported by Wanton et al. [7] .
Besides the roof level wind shear, the air flow along the windward wall is another issue affecting the wind flow conditions inside the street canyon. When the air flow with high momentum in the shear layer approaches the top of the windward wall, a strong down draft will occur along the windward wall, which is generally regarded as the power source of the air recirculation inside the street canyon. The flow characteristics along the windward wall could be analogous to spatially developing flow of the boundary layer over a flat plate. Studies on the spatially developing flow of the boundary layer over a flat plate have shown that there is a transition region for the boundary flow transit from laminar to turbulence, with a critical distance to the forward edge. For real atmospheric boundary flow, the transition region may exist at a distance from the edge in several metres [19] . Thus, in actual street canyons, buildings are of heights in tens of metres, the transition region would exist at x i , as shown in Figure 1 . The boundary wall flow near the windward wall can be of characteristic of three flow regimes: the laminar flow regime on the top, the corner eddy regime at the bottom, and the turbulence flow regime in the middle. For the wind tunnel experiments, as the building models are usually in several centimetres, the turbulence flow regime might not exist and thus the boundary flow near the windward wall would be dominated by the laminar flow regime and the corner eddy regime.
The differences of the boundary layer flow structure along the windward wall between wind tunnel tests and actual street canyons are of significance. The viscous effect in the laminar regime would generally decrease the wind velocity inside the street canyons and affect the depth of the down draft along the windward wall. In actual street canyons, where the buildings are very tall (in tens of metres) and the Reynolds numbers are high (of 10 7 ), the viscous flow near the windward wall would extend only a little distance from the top of the windward wall. Thus the consequences of the viscous effects are low in actual street canyons. While in the wind tunnels, downscaling building models with heights of several centimetres are used and the Reynolds numbers are low (of 10 5 ), the viscous flow near the windward wall would almost extend along the windward wall. Thus the consequences of the viscous effects are considerable in wind tunnel experiments. This can explain why there are obvious viscous effects in wind tunnel experiments, even when the Reynolds number of flows reaches the critical Reynolds numbers, as indicated by Uehara et al. [5] .
The viscous effect along the windward wall can affect the flow patterns in deep street canyons. Numerical simulations of air flow in a deep street canyon with an aspect ratio of 2, showed that, when the Reynolds number was low (1.5 Â 10 4 ), two main vortices would dominate the air flow inside the deep street canyon; however, when the Reynolds number was high (5 Â 10 6 ), a single main vortex, would dominate the air flow inside the deep street canyon [20] . These numerical simulations of pollutant vertical distribution in a deep street canyon in Hong Kong under real Reynolds number agreed well with the measurement data in situ [20] . The reason is that the considerable viscous effects in wind tunnel tests, low Reynolds number, can retard the down draft along the windward wall in the downscaling street canyon models, resulting in a vortex first in the upper part of the deep street canyon models; and then this vortex would induce the consequent vortices in the lower part of the deep street canyon. While in actual or deep street canyons, with high Reynolds number, the viscous effects are low, and the down draft can reach the bottom of the street canyon, resulting in only single vortex air flow structures.
Studies of free shear layers showed that, the roof level shear layer structures would induce turbulence changes with an increase of Reynolds numbers [21] . If the Reynolds number is increased from 10 5 (wind tunnel scale) up to 10 7 (real scale), the strength of vertical turbulent transport of pollutants would be enhanced and the escaping regime of pollutants would be enlarged, considerably. This would means that the wind tunnel modelling could underestimate the pollutant exchange efficiency. For complex buildings areas, the wind tunnel modelled results could underestimate both the turbulence strength and the flow structures, e.g., for deep street canyon cases.
Generally, the wind tunnel data are usually used for the validations of numerical models, as the wind conditions in wind tunnel are steady and easily determined. However, for engineering purposes, the targets are the complex building structures. The wind tunnel data for this type of simulation should be carefully examined in comparison with the numerically simulated results under real conditions, as the Reynolds number in the wind tunnel test does not match that in real canyon flows. Compared to wind tunnel tests, numerical simulations under high Reynolds numbers can be performed economically. With boundary wall functions and non-uniform grids methods, the high turbulent flows in urban street canyons can be simulated using personal computers.
